I 


NOLTR  64-146 


— 1  9 

a 

“ 

05 


CD 

-— >— 


INITIATION  OF  EXPLOSIVES  BY  EXPLODING 
WIRES 

V.  EFFECT  OF  WIRE  MATERIAL  ON  THE 
INITIATION  OF  PETN  BY  EXPLODING  WIRES 


i  ,41" 

I 

1 

I  U\r': 


•  d  ’S  o 

4i-p 


UNITED  STATES  NAVAL  ORDNANCE  LABORATORY,  WHITE  OAK,  MARYLAND 

I 


NOLTR  64-146 


INITIATION  OF  EXPLOSIVES  BY  EXPLODING  WIRES 

V.  EFFECT  OF  WIRE  MATERIAL  ON  THE  INITIATION 
OF  PETN  BY  EXPLODING  WIRES 


By  Howard  S.  Leopold 


ABSTRACT:  Aluminum,  gold,  platinum,  and  tungsten  wires  were 

investigated  to  determine  the  effect  of  the  wire  material  on 
the  initiation  of  PETN  by  exploding  wires.  The  wires  were 
exploded  by  a  one  microfarad  capacitor  charged  to  2000  volts. 
The  results  indicate  that  favorable  wire  materials  are  those 
into  which  energy  is  deposited  at  a  rapid  rate.  They  also 
have  low  boiling  points  and  low  heats  of  vaporization.  Heat 
of  oxidation  of  the  wire  material  plays  only  a  minor  role. 
Different  wire  materials  have  different  optimum  lengths  for 
effecting  detonation. 
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INTRODUCTION 

1.  This  report  is  the  fifth  in  a  series  describing 
experimental  results  obtained  from  an  investigation  on 
exploding  bridgewires.  Previous  invest igat ions^ ^ ^  have 
shown  that  the  firing  circuit  inductance  and  resistance 
should  be  kept  to  practical  minimums,  that  there  is  an  optimum 
bridgewire  diameter  for  effecting  detonation  of  PETN  when  the 
bridgewire  length  and  circuit  parameters  are  fixed,  that  there 
is  an  optimum  bridgewire  length  when  the  bridgewire  diameter 
and  circuit  parameters  are  fixed. 

2.  This  phase  of  the  investigation  was  concerned  with 
determining  the  effect  cf  the  wire  material  on  the  growth  of 
explosion  of  PETN.  The  choice  o^  the  wire  material  in  an  EBW 
will  depend  on  both  practical  considerations  and  on  the 
intrinsic  properties  of  the  wire  material.  Practical  consid¬ 
erations  would  include  mechanical  strength,  ease  of  attachment 
and  corrosion  resistance.  Intrinsic  properties  of  importance 
might  include  specific  resistance,  thermal  coefficient  of 
resistivity,  density,  specific  heat,  melting  point,  heat  of 
fusion,  boiling  point,  and  heat  of  vaporization.  The 
importance  of  the  intrinsic  properties  was  not  known. 

Platinum  was  used  to  start  the  investigation  because  it  was 
known  that  platinum  would  meet  the  practical  considerations. 
Platinum,  tungsten,  and  nickel -chromium  alloy  are  mentioned 

as  desirable  wire  materials  in  U,  S,  Patent  3,040,660,  which 
appears  to  be  the  original  patent  on  exploding  bridgewire 
initiatiors,*  In  this  report  aluminum,  gold,  and  tungsten 
wires  are  compared  to  platinum  for  their  ability  to  detonate 
PETN. 


ELECTRICAL  CIRCUITRY 

A  typical  exploding  bridgewire  firing  circuit  used  in 
ordnance  consists  of  a  one  microfarad  capacitor  charged  to 
2000  volts.  The  energ\’  in  tiie  capa'^itor  is  discharged  into 
the  wire  through  a  switch.  Tite  test  circuit  used  for  this 
investigation  is  shown  in  Figure  1.  It  is  similar  to  the 
previous  test  circuits  described  in  tlie  earlier  reports.  The 
electrical  parameters  for  the  test  rircuit  are: 

C  is  0.97  microfarad 
L  »  0.6R  microhenry 
R  -  O.ri'i  ohm 
Vo  =  2000  volts 


*  U.  S.  Patent  3,040,660  by  Lawrence  H.  Johnston,  Patented 
June  26,  1962,  Filed  Nov.  8,  1944. 
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The  oethods  used  for  determining  the  circuit  parameters  are 
given  in  Reference  1  and  2. 

TEST  PROCEDURE 

Various  lengths  of  the  four  bridgewire  materials  tested 
were  compared  for  their  ability  to  detonate  PETN.  A  2-mil  diam¬ 
eter  wire  was  used  for  each  material.  The  four  wire  materials 
were  examined  in  a  series  of  test  shots  with  wire  lengths 
ranging  from  0.0125  .to  0.400  inch.  The  probability  of  deto¬ 
nating  PETN  was  gradually  decreased  in  each  series,  by  increas¬ 
ing  the  loading  density  of  the  PETN.  This  af^roach  eliminated 
the  necessity  for  changes  in  the  electrical  parameters.  This 
method  was  used  to  determine  the  most  advantageous  wire  material 
and  its  optimum  length.  The  test  fixture  and  experimental 
methods  described  in  Reference  1.  were  used  for  observing  the 
growth  of  explosion. 

Current  and  voltage  waveforms  were  examined  to  help  inter¬ 
pret  the  experimental  results.  The  voltage  was  corrected  ffor 
the  inductive  component,  and  the  corrected  voltage  used  to 
calculate  the  derived  resistance,  power,  and  energy  values. 

The  vigor  of  the  plasma  exx>an8ion  of  the  four  bridgewire  mate¬ 
rials  when  flush  mounted  was  also  examined  with  a  high  speed 
SHwar  camera. 


EXPERIMENTAL  RESULTS 

An  examination  of  Tables  1.  2.  3.  and  4  shows,  that  based 
on  the  ability  to  detonate  PETN  under  increasingly  difficult 
conditions,  gold  is  the  best  of  the  materials  tested.  Aluminum, 
platinum,  and  tungsten  followed  in  that  order.  The  tables 
also  indicate  the  optimum  wire  length  for  detonating  PSTN  for 
each  material.  These  optimum  lengths  are  as  follows i 

Gold  -  0.075 

Aluminum  -  0,075 

Platinum  -  0,050 

Tungsten  -  0,025 

They  are  indicated  by  a  black  dot  in  the  figures.  Various 
electrical  and  physical  attributes  of  the  different  wire  mate¬ 
rials  were  then  examined. 

Examination  of  the  current  waveforms  in  Figures  2,  3.  4. 
and  5  show  the  shorter  wires,  to  have  the  highest  current  density 
at  tisw  of  burst.  The  shorter  the  wire,  the  more  nearly  contig¬ 
uous  the  resurge  is  with  the  initial  current  pulse.  For  all 
four  materials  0.200  inch  and  longer  lengths  give  definite 
current  dwells.  Platinum  and  tungsten  show  wider  burst  current 
dispersions  for  the  various  length  wires  than  aluminum  or  gold. 
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Comparison  of  Figures  6,  7,  8,  and  9  show  gold  to  have 
the  highest  peak  voltage  of  the  four  materials,  followed  by 
aluminum,  platinum,  and  tungsten.  The  highest  peak  voltage 
was  observed  with  the  0.400  inch  length  gold  wire  (not  plotted) . 
This  wire  had  a  peak  voltage  of  approximately  6700  volts,  or 
over  three  times  the  original  capacitor  voltage.  A  gold  wire 
length  of  0.075  inch,  which  aopears  to  be  the  optimum  length 
for  effecting  detonaticr,  gives  a  peak  voltage  of  3600  volts. 
These  voltages  are  indicative  of  the  extreme  voltage  that  the 
electrica"*  insulation  must  be  capable  of  handling  using  the 
experimencal  parameters  of  a  one  microfarad  capacitor  charged 
to  2000 volts.  Examination  of  the  voltage  waveforms  in 
Figures  8  and  9  show  that  platinum  and  tungsten  wires  give 
definite  vaporization  plateaus.  The  waveforms  for  tungsten 
show  a  peculiar  dip  in  the  vaporization  plateau. 

The  resistance  curves  for  aluminum  and  gold,  Figures  10 
and  11,  show  a  fairly  smooth  rapid  rise  of  the  wire  resistance 
with  time.  The  longer  the  wire,  the  higher  the  peak  resistancb 
for  the  ranee  tested..  The  resistance  curves  for  platinum  and 
tungsten,  Figures  12  and  13,  shov/  a  definite  resistance  plateau 
before  the  peak  resistance  is  reached.  The  resistance  of 
tungsten  decreases  during  the  first  half  of  the  vaporization 
plateau.  The  dynamic  resistance  values  for  the  four  test 
materials  do  not  differ  greatly  for  comparative  lengths, 

A  comparison  of  the  power  curves  in  Figures  14,  15,  16, 
and  17  reveals  that  in  general  energy  is  deposited  most 
rapidly  in  gold  followed  by  aluminunv  platinum,  and  tungsten. 

The  peak  power  spikes  are  much  narrower  for  aluminum  and  gold 
than  for  platinum  and  tnnqsten.  For  all  four  materials  the 
peak  power  per  unit  lenqtb  increases  with  decreasing  length. 

See  Figure  18,  The  highest  pe,ik  power  value  is  observed  to 
occur  at  a  length  which  is  longer  than  the  optimum  length 
for  e f  feet  ing  detonat  ion. 

If  the  energy  deposition  is  examined  Figures  19,  20, 

21,  and  22,  one  observes  with  all  four  materials  that  energy 
deposition  is  initially  sliqhtly  taster  with  the  lonqer  wires. 
This  is  due  to  the  hiqher  initial  resistance  of  the  bridoewire. 
The  optimum  lenqth  for  each  material  absorbs  approximately  one 
joule  of  enerqy  or  sliqhtlv'  more  than  of  the  energy 

originally  stored  in  the  capacitor.  Enerqy  det>os'tion  into 
the  lonqer  vires  effectivelv  stops  with  the  onset  of  a 
definite  dwell.  For  all  four  materials,  the  shorter  wires 
received  more  enerqy  than  necessary  for  complete  vaporization 
at  a  time  of  burst.  It  was  possible  t-^  vaporize  lonqer  wires 
of  aluminum  and  gold  than  of  platinum  or  tunnsten  under 
comparable  conditions  of  dia'^ieter  and  electrical  input. 
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The  results  also  confirm  previous  observations  that  the  wire 
does  not  have  to  completely  vaporize  at  burst  to  effect 
detonation.  Figures  23,  24,  25,  and  26  show  the  energy 
profiles  for  selected  times  during  the  normal  period  of 
importance.  Comparison  of  the  energy  density  on  a  volume 
basis  in  Figure  27  shows  that  the  shorter  lengths  have  a 
higher  energy  density. 

The  plasma  expansion  in  air  of  each  of  the  four  materials 
was  examined  for  the  75-mil  length.  Figure  28  is  a  distance¬ 
time  plot  of  the  plasma  expansion.  Aluminum  and  gold  give 
the  most  vigorous  expansions,  indistinguishable  in  strength, 
followed  by  platinum,  and  then  tungsten.  The  vigor  of  the 
plasma  expansion  appear^’  to  be  related  to  the  excess  energy 
deposited  above  that  required  for  vaporization. 

The  0.200  inch  length  gold  wire  gave  a  different  type  of 
growth  to  detonation  than  previously  observed.  Figure  29 
shows  that  there  is  a  definite  prolongation  of  the  reaction 
before  the  detonation  wave  is  apparent  photographically.  The 
incipient  conditions  necessary  for  formation  o^  a  detonation 
wave  are  evidently  established  in  the  period  up  to  time  of 
burst  since  electrical  enercry  input  ceases  at  burst  with  the 
formation  of  a  definite  dwell  period.  Detonation  commenced 
1.35  to  1.40  microseconds  after  hurst  approximately  1.6  mm 
from  the  wire,  iSormally,  detonation  was  seen  to  commence 
approximately  1.0  microsecond  after  burst  about  1.0  mm  from 
the  wire.  initial  reaction  does  not  emit  light  of  suffi¬ 

cient  intensity  to  register  on  the  film  even  with  the  use  of 
maximum  exposure  conditions. 


DISCUSSION 

The  investigation  shows  that  the  intrinsic  properties  cf 
the  wire  material  play  an  important  role  in  determining  ^  ^ 

whether  or  not  detonation  is  effected.  Russian  investigators^' 
in  the  mid  1950' s  found  that  certain  groups  of  wire  materials 
had  similar  characteristics.  Silver,  gold,  aluminum,  and 
copper  wire  oscillograms  were  found  to  have  mar) eJ  similarities. 
Iron,  tungsten,  molybdenum,  and  platinum  had  analogous  oscillo¬ 
grams  with  different  characteristics  from  the  first  group, 

Webb  et  al^  have  proposed  that  the  wire  materials  can  be 
classified  into  two  phenomenological  categories: 

Class  I  low  boilijig  point,  low  heat  of  'sporizaticn 

Class  II  high  boiling  point,  high  heat  c.'  vaporization 

Aluminum  and  gold,  which  fall  into  Class  I,  were  found  lo 
effect  detonation  in  PETN  under  more  unfavorable  conditions 
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than  platinum  or  tungsten,  which  are  Class  II  materials.  It 
appears  that  for  the  parameter  magnitudes  used,  the  heat 
capacity  effect  of  the  wire  material  is  important.  The  use 
of  wire  materials  with  low  boiling  points  and  heats  of  vapori¬ 
zation  will  result  in  a  greater  energy  transfer  to  the  explo¬ 
sive.  It  is,  however,  conceivable  :or  special  cases,  that 
Class  II  materials  might  be  preferable  •*'or  initiators  where  a 
higher  firing  energy  threshold  is  desired. 

The  ability  to  effect  detonation  under  increasingly 
unfavora)  e  conditions  appears  to  depend  not  only  on  the 
heat  capacity  effect  of  the  wire,  but  upon  the  rate  of  energy/ 
deposition.  Scherrer®  has  shown,  assuming  the  exploding  wire 
is  n  blackbody,  that  , 

where  T  =  wire  temperature  in  “k,  P  -  electrical  power 

into  wire  in  watts,  o  =  Ste  fan-Boltzm.an  constant,  and 

A  =  area  of  wire  exploding  surface. 

Since  the  explosive  decomposition  has  an  Arrhenius  dependence 
upon  temperature,  conditions  favoring  a  high  temperature  will 
be  more  favorable  for  effecting  detonation.  Tha  peaX  power 
levels  for  the  Class  I  materials  (aluminum,  gold)  were  observed 
to  be  higher  than  those  of  the  Class  II  materials  (platinum, 
tungsten)  over  most  of  the  bridgewire  length  range  tested. 

The  power  level  appears  to  be  related  to  rhe  energy  needed  for 
vaporization  since  materials  with  a  relatively  high  energy 
requirement  possess  a  definite  vaporization  plateau  which  in 
effect  lowers  the  power  input  before  bridgewire  burst.  The 
slight  superiority  of  gold  over  aluminum  is  believed  due  to 
the  higher  rate  of  energy  deposition  in  qold  even  thi.  ugh  less 
energy  is  required  to  vaoorize  the  aluminum. 

It  was  previously  observed  with  olatinum  wire  that  there 
was  an  optimum  platinum  l^ridgewire  leriQth  for  effecting 
detonation  in  PETN.  The  aluminum,  qold,  and  tunqsten  results 
confirm  that  an  optimum  bridgewire  length  exists.  The  optimum 
length  varies  with  the  wire  material.  Materials  from  Class  II 
appear  to  have  shorter  optimum  lo:  -^ths  than  those  from  Class  I. 
This  can  be  partially  attributed  to  the  heat  capacity  of  the 
wire  material. 

Explosions  of  qold  and  platinum  in  air  produce  an  aerosol 
which  consists  of  metallic  rather  than  oxide  particles.^ 
Aluminum  and  tungsten  wires  form  oxides  upon  explosion. 

However,  each  is  the  poorer  maierial  in  its  respective  class 
in  effecting  detonation  in  PETN.  This  indicates  that  heat 
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of  oxidation  plays  a  relatively  minor  role,  if  any.  Assuming 
the  eventual  formation  of  Al^O^,  aluminum  has  a  high  heat  of 
oxidation  anounting,  for  a  0.0/5-inch  length  wire,  to  approxi¬ 
mately  20%  of  the  electrical  energy  deposition.  However,  it 
has  been  rep<5rted  that  Al^O-^  apparently  does  not  exist  in  the 
vapor  state.  The  oxidation  of  aluminum  in  the  gaseous  phase 
is  assumed  to  occur  according  to  the  following  reaction: 


Al(g)  +  1/2  AlO  (g) 

High  pressures  will  tend  to  force  the  reaction  to  the  right, 
but  high  temperature  will  reverse  the  reaction.  It  is  quite 
probable  the  high  temperature  effect  predominates  during  the 
wire  explosion,  delaying  the  eventual  heat  of  oxidation 
contribution. 


With  gold  wire,  growth  to  detonation  can  occur  even  with 
cessation  of  the  electrical  energy  input  just  after  the  time 
of  wire  buret.  The  wire  length  (0.200  inch)  giving  this  effect 
fails  quickly  as  PETN  density  is  increased.  Previously  it  had 
been  found  with  certain  platinum  wires,  that  a  sustained 
electrical  input  after  burst  was  favorable  for  the  growth  of 
detonation  and  that  wires  with  current  pulse  cessation  failed 
to  effect  detonation.  This  illustrates  the  more  favorable 
qualities  of  a  Class  I  material.  This  phencsnenon  will  be 
investigated  further.  Experiments  are  also  continuing  on  che 
wire  material  effect.  Different  v;ire  materials  are  being 
evaluated  to  observe  if  they  conform  to  the  extrapo' .tions 
made  from  the  first  four  materials  described  in  this  report. 

The  vigor  of  the  plasma  expansion  in  air  seema  to 
correlate  well  with  the  ability  to  detonate  PETN.  As  shown 
earlier,  the  vigor  of  the  plasma  expansion  appears  to  be 
related  to  the  excess  energy  deposited  above  that  required 
for  vaporisation.  This  excess  energy  will  go  into  further 
heating  of  the  vapor,  shock,  and  kinetic  energy  forms  resulting 
in  a  greater  energy  transfer  to  the  explosive  and  the  envelop¬ 
ment  of  a  greater  number  of  PETN  crystals. 


CONCLUSION 

1.  The  existence  of  an  optimum  wire  material  fc' 
effecting  detonation  is  highly  dependent  upon  a  low  energy 
requirement  for  complete  vaporisation.  This  appears  to  be 
related  also  to  the  rate  of  energy  deposition  since  materials 
with  relatively  high  energy  requirement  exhibit  lower  peak 
powers. 
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2.  Different  wire  materials  have  different  optimum 
lengths  for  effecting  detonation.  Aluminum  and  gold  (Class  I) 
have  longer  optimum  lengths  than  platinum  and  tungsten 
(Class  II) . 

3.  Aluminum  and  gold  (Class  I)  give  more  vigorous 
explosions  than  platinum  or  tungsten  (Class  II) . 

4.  Heat  of  oxidation  of  the  wire  material  appears  to 
play  a  relatively  minor  role  in  effecting  detonation. 


7 


NOLTR  64-146 


REFERENCES 


1.  Leopold,  K,,  "Initiation  ot  Explosives  hy  Exploding  Wires. 

I  Effect  of  Circuit  Inductance  on  the  Initiation  of  PETN 
by  Exploding  Wires,"  NOLTR  63-159. 

2.  Leopold,  H,,  " Initiation  of  Explosives  by  Exploding  Wires, 

II  Effect  of  Circuit  Resistance  on  the  Initiation  of  PETN 
by  Explod«ing  Wires,"  NOLTR  63-244. 

3.  Leopold,  H.,  "Initiation  of  Explosives  by  Exploding  Wires. 

III  Effect  of  Wire  Diameter  on  the  Initiation  of  PETN  by 
Exploding  Wires,"  NOLTR  64-2. 

4.  Leopold,  H.,  "Initiation  of  Explosives  by  Exploding  Wires. 

IV  Effect  of  Wire  Length  on  the  Initiation  of  PETN  by 
Exploding  Wires,"  NOLTR  64-61. 

5.  Bondarenko,  V.  V.,  Kvartskhavo,  I.  F.,  Pliutto,  A.  A.,  and 
Chernov,  A.  A.,  "Resistance  of  Metals  at  High  Current 
Densities,"  Soviet  Physics  JETP  1,  No,  2,  Sept.  1955, 

6.  Kvartskhavo,  I.  F.,  Pliutto,  A,  A.,  Chernov,  A.  A.,  and 
Bondarenko,  V.  V.,  "Electrical  Explosion  of  Metal  Wires," 
Soviet  Physics  JETP  3,  No.  1,  Aug.  1956. 

7.  Webb,  F.  H.,  Jr,,  Hilton,  H.  H.,  Levine,  P.  H.,  Tollestrup, 
A,  V.,  "The  Electrical  and  Optical  Properties  of  Rapidly 
Exploded  Wires,"  Vol  II,  W.  G.  Chace  and  H.  K.  ’.core  (eda.), 
Plenum  Press,  New  York,  1962,  p,  37. 

8.  Scherrer,  V.  E.,  "The  NRL-AFSWP  Exploded  Wire  Research 
Program,’’  Vol  I,  W.  G.  Chace  and  H.  K.  Moore  (eds.), 

Plenum  Press,  New  Yo-^k,  1959,  p.  118. 

9.  Karioris,  F.  G.,  Fish,  B.  R.,  and  Royster,  G.  W. ,  Jr., 
"Aerosols  from  Explodir.q  Wires,"  Vol  II,  W.  G.  Chace  and 
H.  K.  Moore  (eds.).  Plenum  Press,  New  York,  1962,  P.  299, 

10.  Cook,  M.  A.,  Filler,  A.  S.,  Keyes,  R.  T.,  Partridge,  W.  W. 
and  Ursenbach,  W.  0.,  "Aluminized  Explosives,"  J.  Phys. 
Chem.,  61,  189  (1957). 

11.  Conway,  J. ,  "The  Thermodynamics  of  the  Oxidation  of 
Aluminum  at  High  Temperature,"  Third  Progress  Rev)ort  on 
Office  of  Naval  Research  High  Temperature  Project 
(Contract  N9-onr-87300) ,  Research  Institute  of  Temple 
University,  Dec.  1950. 


8 


CURRENT  (AMPERES) 


NOLTR  64-146 


TIME  (MICROSECONDS) 


FIG.  2  CURRENT  WAVEFORMS  FOR  VARIOUS  LENGTHS  OF 
2 -MIL  DIAMETER  GOLD  WIRE 


10 


CURRENT  (AMPERES) 


NOLT.l  64-146 


1 ,500  r- 


1,000 


750  h 


500  h 


250 


1,250  r 


1_  .1  !  1 
0.2  0.4  0.6  0.8  1.0 

TIME  (MICROSECONDS) 


1.2 


i  .4 


nC.  .1  CURRENT  A'AVEEORMS  FOR  VARIOUS  LENGTHS  Cl 
2 -Mil  DIAMETER  ALUMINUM  WIRI 


11 


NOLTR  64-  146 


riMf  (  MICR.  CONDs  ) 


FIG.  4  CURRt  NI  WAVLFOR.SV,  FOR  VARIOUS  LtNGTHS 
OF  2-A/IL  DIAMhFR  PLATINUM  WIRE 


12 


CURRENT  (AMPERES) 


NOLTR  64-146 


Ti.ML  (MICROStCCNDS) 


FIG.  6  CURRtNT  WAvT FORMS  FOR  VARIOUS  LFNCFHS  OF 
2- MIL  niAMFFLR  lUNOSTlN  vVIRF 


13 


POTENT. AL  (VOLTS) 


NOLTR  64-146 


8, 000  p 


- 0'.'200 

LENGTH 

.  O':  100 

LENGTH 

- 0:'075 

LENGTH  • 

-  O'.'OSO 

length 

- 0:'025 

'  :NGTH 

-  0'.'0125 

LENGTH 

I 


4,000 


I 

2,000  |- 


0  ‘ 
0 


I 

I 


FIG.  6  VOLTACt  WAVtFORAAS  FOR  VAKlOU>  LINGFH  Of 
?■  MIL  DIAMlTI^  gold  A'lRt 


14 


POTFNtial  (VOLTS) 


NOLTR  64-146 


I 

I 


5,000 


4,000 


3,000 


2,  000  h 


1,000  ' 


0  ^ 
0 


,  t  0:'200  LENGTH 

I  (  O'.'lOO  LENGTH 

I  •  0'.'075  LENGTH  • 

;  ■  0n050  length 

I  1  0:025  LENGTH 

;  0:0I25  LENGTH 


I  > 


TlMi  {  MICKC'SK  ONOG 


IK.-.  .  VOlIA:,.-!  .v-\Vi  K'KMS  tGK'  V  AKiCH,’'.  (M 

2-AHL  DIAMIUK  AlHMINl-M  .-.IK'i 


POTENTIAL  (VOLTS) 


NOLTP  64-146 


TIME  (MICROSECONDS) 

FIG.  8  VOLTAGE  WAVEFORMS  FOR  VARIOUS  LENGTETS 
OF  2-MIL  DIAMETER  PLATINUM  WIRE 


16 


POTENTIAL  (VOLTS) 


^NCLTR  6-J-i46 


4,000- 


- 0:2C0  LENGTH 

.  C.ICG  LENGTH 

- C'.075  LENGTH 

- C:Q50  LENGTH 

- C:025  LENGTH  • 


°0  0.2  U.4  0.6  0.8  1.0  1.2  !.1 

TIME  (MICKOSECONDS) 

FIG.  9  VOLTAGE  WAVEFORMS  FOR  VARIOUS  LENGTHS  OF 
2 -  Ml'.  DIAMETER  TUNGSTEN  WIRE 


17 


RESISTANCE  (OHMS) 


NOLTR  64-146 


1 

I 


- o:'  jO  length 

.  G.iOO  length 


FIG.  iO  RESISTANCE  AS  A  FUNCTION  OF  TIME  FOk  VARIOL.'S 
lengths  of  2- mil  DIAMETER  GOLD  WIRE 


10 


RESISTANCE  (OHMS) 


NCLTR  64-  146 


I 

I 


i 


- 0:'200  LENGTH 

. O'.’IOO  LENGTH 

6.0-  - 0.'075  LENGTH* 

- 0:'050  LENGTH 

- 0:'025  LENGTH 

- 0'.'0!25  LENGTH 


TIME  (MICROSECONDS) 


FIG.  II  RESISTANCE  AS  A  FUNCTION  OF  TIME  FOR  VARIOUS 
LENGTHS  OF  2 -MIL  DIAMETER  ALUMINUM  WIRE 


19 


RESISTANCE  (OHMS) 


NOLTR  64-146 


I 

I 


- O';  200 

LENGTH 

. O'.'IOO 

LENGTH 

- O';  075 

LENGTH 

-  o;o50 

LENGTH  • 

-  0;025 

LENGTH 

o;oi.  j 

LENGTH 

f 

I 

j 


FIG,  12  RESISTANCE  AS  A  FUNCTION  OF  TIME  FOR  VARIOUS 
LENGTHS  OF  2- MIL  DIAMETER  PLATINUM  WIRE 


20 


RESISTANCE  (OHMS) 


NCLTR  64-146 


- 0""00  LENGTH 

. OLIOO  LENGTH 

- 0.'075  LENGTH 

- O'.'OSO  LENGTH 


- 0:'025  LENGTH# 


0  0.2  0.4  0.6  0.8  1.0  1.2  1.4  1.6 


TIME  (MICROSECONDS) 


FIG.  13  RESISTANCE  AS  A  FUNCTION  OF  TIME  FOR  VARIOUS 
LENGTHS  OF  2- MIL  DIAMETER  TUNGSTEN  WIRE 


21 


NOLTR  64-146 


t  - 

5  ~ 


- 0'.'200  LENGTH 

.  Ol'lOO  LENGTH 


0  0.2  0.4  0.6  0.8  1.0  1.2  1,4  1.6 

TIME  (MICROSECONDS) 


FIG.  14  POWER  INPUT  VS.  TIME  FOR  VARIOUS  LENGTHS  OF  .'-Mil 
Dl  'Mi  TER  GOLD  WIRE 


22 


POWER  (MEGAWATTS) 


NOLTk  6^-146 


4  p- 

I 

I  0:'200  LENGTH 

i  .  ON 00  LENGTH 

!  0:'075  LENGTH  • 

I  0'.'050  LENGTH 


- 0:'025  LENGTH 

-  0'.'0125  lENGTH 


0  L-  .  I  1  I  1  I  1  1  1 

0  0.2  0.4  0.7  0.8  1  1,2  1..1  1.6 

TIME  (MICROSrCONDSl 

FIG.  15  .'’OWEi;  INPUT  VS.  TIMt  TOR  VARK^IN  KNGUHS  Of  2-  MU 
DIAMETER  ALUMINL'M  WIRE 


23 


POWER  (MEGAWATTS) 


NOIJR  64-146 


1.5  ^ 

i 


I 

i 


- 0'.'200  LENGTH 

.  OlHOO  LENGTH 

- 0;'075  LENGTH 

- 0'.'050  LENGTH  • 

- 01'025  LENGTH 

- 0i’0125  LENGTH 


0.4  0.6  0..‘^  1.0  1,;  1..1 

TIMf  (MirR(''N  (  ONI)-, ) 

EIG.  16  PO.VIR  INPUT  VS.  TIAM  f  OP  VARIOLP  liNGIlP,  Oi  .’-MIL  DIAaOHK  PLAHNUM  .',IK 

24 


PCV/EK  (MEGAWATTS) 


NOLTR  64-146 


2.0r 


i 

I 


i 


- 0:'200  LENGTH 

.  UN 00  iFNGiH 

- 0:’075  LENGTH 

-  0:030  LENGTH 

- 0"026  LENGTH  • 

- 0'.'0I25  LENGTH 


l  1  !  1  .  i  i  1 

0  C.:  U.  )  O.c  0,8  1,0  1.2  l  .-l 

TIMt  (MICROS!  CONOS  ) 

FIG.  1.’  POWER  INPUT  VS.  TIM!  fC'R  VAKKMIs  llNOI!!S  cGf 
2  -  M II  [■' I A^^[  T 1  R  TUN C  - S 1  (  N  W i Rl 


25 


PEAK  POWER  (MEGAWATTS) 


NOLTR  64-146 


4  - 


3 


ALUMINUM  i 


I-  ^  : 

^  O  i 

Z  ^  p 

^  i 

<  f 

i.u  UJ  j 

a.  o  .  I 

i 

a: 

^  A  L 

$  4^' 

O  1 

a-  1 

<  ! 

UJ 

a.  0 


GOLD 


'  80 

•cU 
40 
.  M) 


< 

I  's, 


-  80 

'  fO 

■  40 

■  .'0 


0^ . 1- . 1  1-  1 

0  0,0?;.  0.0;’j  0,100 

0.0:, 0 

VVIRI  It  NOUH  (  GK  H  ) 


0.000  0  C,02:j  P  ■->  U.  lu  ' 

0 . 0  ,'0 

.ViRf  ((NC.mU  (INOO) 


.41:.' 


IH  f'f  Ai-.  R  'vVM  ANU  PI  Ak  PC'.V[.K  Pi  R  UNIT  liNvWii 
C'f  vVIKl  lUjCrt) 


,  A  i  UN:  I  K'r-, 


26 


PEAK  POWER  PER  UNIT  LENGTH  iMLGA'//ATTS,  INCH) 


ENERGY  (JOULES) 


NOLTR  64-146 


1.00  p 


0.75 


o 


0.50  r- 


0. 25  p 


i 


i 


0  ' 
0 


-  0:’200  LENGTH 

.  0:100  LENGTH 

-  0:075  LENGTH 

- 0:050  LENGTH 

- 0:025  LENGTH 

-  0:0125  LENGTH 


/ 


(i. 0  4  i>,  c-  O,;’ 


1,0 


/ 


1 .4 


I 


(  MK  Kv'''.' (l"Niv,  ) 


NO.  1‘-'  iNlROY  011X^401(04  \  ..  lif.'.l  104  VAKK'!'.  iN'i,!H 
0(NP 


11 


ENERGY  (JOULES) 


NOL^R  64-146 


1.00 


0.75 


0.50 


0.25 


0  L 
0 


- 01'200  LENGTH 

.  Ol'lOO  LENGTH 

- 0‘.'075  LENGTH 

- Ol'OSO  LENGTH 

- 0:'025  LENGTH 

-  0'.'0125  LENGTH 


/ 


/ 


/ 


/ 


/ 


riG.  20  ENERGY  DEPOSITION  VS.  TIME  FOR  VARIOUS  LENGTH 
AlUM'NUM  WIRES 


28 


NOLTR  64-146 


- 0"200  LENGTH 

.  O'.'lOO  LENGTH 

- 0'.'075  LENGTH  /' 

- O'.'OSO  LENGTH  • 

- 0'.'025  LENGTH  / 

-  0'.'0125  LENGTH 

/' 


/' 


0.2  0..I  0.6  O.H  1.0  1.2  1.4 

TIMI  (MICKOSfCCNOS) 

FIG.  ?1  LNfRGY  LTIPOSITION  VS.  TIMi  I  OK  VARIOUS  LlNGTH 
PLATINUM  V/IKIS 


ENERGY  (JOULE 


NOLTR  64-146 


1.00 


0.75 


I 

0.50  • 


0.25 


0 


0 


0,2 


y* 

/ 

/ 


- 02200  LENGTH 

.  O'.'lOO  LENGTH 


r 


U.4 


0.6 


0,8 


.0 


1,2 


UP¬ 


TIME  (MICkOStCONOS) 


FIG.  22  Fr^tRGY  DEPOSITION  V5.  TIME  FOR  VARIOUS  lENGlH 
TUNGSTEN  WIRES 


30 


JEPG/  DENSITY  'MEGAJOULES/  CM^)  ENERGY  DENSITY  (MEGAJOULES/  CM3) 


NOLTR  64-  )46 


0.050  0.100 

WIRE  LENGTH  (INCH) 


l.OOr 


0  0.025  0.075  0.200 

0.050  0.100 

WIRE  LENGTH  (INCH) 


0.030  O.iCK.)  0.0>0  0  I0(^ 

WIRf  LlNCrtl  NNCM’  !tN(3TH  wrivli 


FIG.  ?-  INFRGY  DENSITY  AT  BL'RST  AND  CDNi  MICKGM  (  (.^ND  AIIIK  BDK'M 
AS  A  FUr;CTION  C'F  WIRf  LI  NOTH 


35 


NOLTR  64-146 


ALL  WIRES  MOUNTED  FLUSH 
2  MIL  DIA.,  0:'075  LENGTH 


3 


GOLD 
.  ✓ 


FIG.  28,  PL\SmA  EXPANSION  IN  AIR  FOR  DIFFERENT  WIRE  MATERIALn 


36 


NOLTR  64-  146 


VOLTAGE-20C0  VOLTS/DIV 
CURRENT -490  AMPS  ,  DIV 
SWEEP-C.5^  SEC,  DIV 


FIG.  2'- 


sMiAK  CAMfRA  RICOKD  AND  OSCILLOGRAM 
ICR  0  GX'  INCH  liNGTH  GOLD  WIRl 


8E 


NOLTH  ('.  J  -  14(, 


39 


One  unsymmet-r ical  growth  to  detonation 


NOLTR  64-146 


40 


NOLTR  64-146 


41 


On©  unsymmetrical  groufth  to  detonation 
=  Detonation 


NOLTR  64-146 


DISTRIBUTION 


Chief,  Bureau  of  Naval  Weapons 
Dep^artraent  of  the  Navy 
Washington  25,  D.  C.  20360 
DLI-3 
RRRE-5 
RUME-11 
RUME-32 
RMMO-5 
RREN-32 

Director 

Special  Projects  Office 
Department  of  the  Navy 
Washington  25,  D,  C.  20360 
SP-20 

Superintendent 

Naval  Post  Graduate  School 

Monterey,  California 

Office  of  Naval  Research 
Department  of  the  Navy 
Washington  25,  D.  C.  20360 

Commander 

U.  S.  Naval  Ordnance  Test  Station 
China  Lake,  California 
Code  556 

Technical  Library 
Director 

Naval  Research  Laboratory 
Washington  25,  D,  C. 

Technical  Information  Section 

Contnander 

U.  S.  Naval  Weapons  Laboratory 
Dahlgren,  Virginia 

Technical  Library 
Weapons  Laboratory 
Terminal  Ballistics  Laboratory 
Code  WHR 


Office  of  Technical  Services 
Department  of  Commerce 
Washington  25,  D,  C. 


1 


NOLTR  64-146 


Copies 

Consnanding  Officer  &  Director 

David  Tayl'  Modal  Basin 

Underwater  Explosion  Research  Departnent 


Code  780 

Portsmouth,  Virginia  2 

CosBoanding  Officer 

U.  S.  Naval  Weapons  Station 

Ycrktown,  Virginia 

R  &  D  Division  2 

Coimanding  Officer 

U.  S.  Naval  Ordnance  Laboratory 

Corona,  California 

Attn:  R,  Hillyer  2 

Coimanding  Officer 

U.  S.  Naval  Propellant  Plant 

Indian  Head,  Maryland 

Technical  Library  1 

Commanding  Officer 

U.  S.  Naval  Ordnance  Plant 

Macon,  Georgia  1 

Commanding  Officer 
Naval  Ammunition  Depot 

Crane,  Indiana  1 


Commanding  Officer 
U,  S,  Naval  Ammunition  Depot 
Navy  Number  Six  Six  (66) 
c/o  Fleet  Post  Office 
San  Francisco,  California 

Quality  Evaluation  Laboratory  i 

Commanding  Officer 

U.  S.  Naval  Ammunition  Depot 

Concord,  California 

Quality  Evaluation  Laboratory  1 

Commanding  Officer 

U.  S.  Naval  Underwater  Ordnance  Station 

Newport,  Rhode  Island  1 

Commanding  Officer 

U.  S,  Naval  Weapons  Evaluation  Facility 
Klrtland  Air  Force  Base 

Albuquerque,  New  Mexico  1 


2 


NOLTR  64-146 


Copies 

Conunanding  Officer 

U,  S.  Naval  Explosive  Ordnance  Disposal  Facility 
Indian  Head,  Maryland 

Library  Division  1 

Army  Material  Command 
Department  of  the  Army 
Washington  25,  D.  C. 

R  &  D  Division  1 

Commander 

Array  Rocket  &  Guided  Missile  Agency 
Redstone  Arsenal,  Huntsville,  Alabama 

ORDXR-RH  1 

Commanding  Officer 

U.  S.  Army  Missile  Command 

Redstone  Arsenal,  Alabama 

R.  Betts  1 

Commanding  Officer 
Picatinny  Arsenal 
Dover,  New  Jersey  07801 

SMUPA-W  1 

SMUPA-G  1 

SMUPA-V  1 

SMUPA-VL  1 

SMUPA-VE  1 

SMUPA-VC  1 

SMUPA-DD  1 

SMUPA-DR  1 

SMUPA-DR-4  1 

SMUPA-DW  1 

SMUPA-TX  1 

SMUPA-TW  1 

Commanding  Officer 

Harry  Diamond  Laboratory 

Connecticut  Ave  &  Van  Ness  St.,  N.  W. 

Washington  25,  D.  C. 

Ordnance  Development  Lab  1 

M.  Lipnick  (Code  005)  1 

Commanding  Officer 
Office  of  Ordnance  Research 
Box  CM 
Duke  Station 

Durham,  North  Carolina  1 


3 


NOLTR  64-146 


Copies 

U,  S.  Army  Engineer  Research 
and  Development  Laboratories 
Ft.  Belvoir,  Virginia  22060 

(STINFO  Branch)  2 

Commanding  General 
Aberdeen  Proving  Ground 
Aberdeen,  Maryland 

Attn:  BRL  1 

Technical  Library  1 

Commanding  General 
Redstone  Arsenal 
Huntsville,  Alabama 

Technical  Library  1 


Commanding  General 
Frank fcrd  Arsenal 
Philadelphia  37,  Pa. 

Library  1 

Chief  of  Staff 
U.  S.  Air  Force 
Washington  25,  D.  C. 

AFORD-AR  1 

Commander 

Wright  Air  Development  Center 

Wright-Patterson  Ai::  Force  Base,  Ohio  45433  1 

WWAD  2 

APGC(PGTRI  Technical  Library) 

Eglin  Air  Force  Base,  Florida  32542  1 


Commanding  General 

Air  Force  Systems  Command 

Andrews  Air  Force  Base 

Camp  Springs,  Maryland  1 

Commander 

Air  Force  Cambridge  Research  Center 
L.  G.  Hanscom  Field 

Bedford,  Massachusetts  1 

Director 

Applied  Physics  Laboratory 
John  Hopkins  University 
8621  Georgia  Avenue 

Silver  Spring,  Maryland  2 


4 


NOLTR  64-146 


Atomic  Energy  Commission 
Washington  25,  D.  C. 

DMA 

Director 

U.  S.  Bureau  of  Mines 
Division  of  Explosive  Technology 
4800  Forbes  Street 
Pittsburgh  13,  Pennsylvania 
Dr.  R.  W.  Van  Dolah 

Defense  Documentation  Center 
Cameron  Station 
Alexandria,  Virginia 
TIPCR 

National  Aeronautics  &  Space  Admin, 
Goddard  Space  Flight  Center 
Greenbelt,  Maryland 

Lawrence  Radiation  Laboratory 
University  of  California 
P.  0.  Box  808 
Livermore,  California 

Technical  Information  Division 
Dr.  M.  Wilkins 
Dr,  J.  Kury 

Director 

Los  Al2unos  Scientific  Laboratory 

P,  0,  Box  1663 

Los  Alamos,  New  Mexico 

Library 

GMX-7 

Sandia  Corporation 
P.  0.  Box  969 
Livermore,  California 

Sandia  Corporation 
P.  0.  Box  5400 

Albuquerque,  New  Mexico  87115 

The  Franklin  Institute 
20th  &  Benjamin  Franklin  Parkway 
Philadelphia  3,  Pennsylvania 
(Mr,  Gunther  Cohn) 

Aerojet-General  Corporation 
Ordnance  Division 

Downey,  California,  Attn;  Dr.  H,  Fisher 


Copies 


1 


1 


20 


1 


1 

1 

1 


1 

1 

1 


1 


1 


1 


5 


NOLTR  64-146 


Copies 

Alleghaney  Ballistics  Laboratory 

Cumberland,  Maryland  1 

Flare-Northern  Division 
Atlantic  Research  Corporation 
19701  W.  Goodvale  Road 

Saugus,  California  1 

Atlas  Powder  Company 
Tamaqua,  Pennsylvania 

Attn:  Mr.  B.  Gay,  Valley  Forge,  Pa.  1 

Atlantic  Research  Corporation 
Flare-Northern  Division 
P.  O.  Box  175 

West  Hanover,  Massachusetts 

Mr.  J.  A.  Smith  Sec,  Off.  1 

Bermite  Powder  Company 
Saugus,  California 

Attn:  Mr.  L.  LoFiego  1 

Hercul*  s  Powder  Company 
Port  Ewen,  New  York 

C .  Wood  1 

G.  Scherer  1 

Martin  Company 
Armament  Section 
Orlando,  Florida 


M.  Hedges  1 

Thiokol  Chemical  Corporation 
Redstone  Arsenal 

Huntsville,  Alabama  1 

Stanford  Research  Institute 
Poulter  Laboratories 

Menlo  Park,  California  1 

Thiokol  Chemical  Corporation 
Hunter-Bristol  Division 

Bristol,  Pennsylvania  1 


McCormick  Selph  Association 
Hollister  Airpc>rt 
Hollister,  California 
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Copies 

Librascope  Division 
670  Arques  Avenue 
Sunnyvale,  California 

Attn;  Mr.  T.  Parker  1 

Lockheed  Aircraft  Corporation 
P.  O.  Box  504 

Sunnyvale,  California  1 

Beckman  &  Whitley 

Research  and  Development  Division 

993  San  Carios  Avenue 

San  Carlos,  California  1 

General  Laboratory  Associates 
17  E,  Railroad  Street 

Norwich,  N.  Y.  1 

National  Aeronautics  &  Space  Administration 
Manned  Spacecraft  Center 
Houston,  Texas 

Attn;  Mr.  W.  H.  Simmons  1 

Mr.  M.  Falbo  1 

R.  H.  Stresau  Laboratory 

Spooner,  Wisconsin  1 

Special  Devices  Incorporated 
16830  W.  Placerita  Canyon  Road 

Newhall,  California  1 

Hi-Shear  Corporation 
2600  W.  247th  Street 

Torrance,  California  1 

Unidynamics 
Universal  Match  Corp. 

P.O.  Box  2990 

Phoenix,  Arizona  1 

Atlas  Chemical  Industries,  Inc. 

Valley  Forge  Industrial  Park 

Valley  Forge,  Pennsylvania  19481  1 

McDonnell  Aircraft  Corporation 

P.  O.  Box  516 

St.  Louis,  Missouri 

Attn;  Mr.  V,  Drexelius  ) 
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